Bloch-Bloembergen-Slonczewski equation is adopted to simulate magnetization dynamics in spin-valve based spin-transfer torque oscillator with synthetic antiferromagnet acting as a free magnetic layer. High frequency up to the terahertz scale is predicted in synthetic antiferromagnet spin-transfer torque oscillator with no external magnetic field if the following requirements are fulfilled: antiferromagnetic coupling between synthetic antiferromagnetic layers is sufficiently strong, and the thickness of top (bottom) layer of synthetic antiferromagnet is sufficiently thick (thin) to achieve a wide current density window for the high oscillation frequency.
Introduction
Terahertz (THz) technology, with its frequency ranging approximately within 10 11 -10 13 Hz, has numerous applications, such as high-resolution imaging, nuclear fusion plasma diagnosis, skin cancer screening, large-scale integrated circuit testing, weapons detecting, wireless communication, etc. [1] [2] [3] . Typical THz sources based on quantum cascade laser, superconductor Josephson junctions, electron tubes, accelerators, and other solid-state electronic devices have limitations of complex setups or low temperature, etc. [4, 5] , hindering size shrinking down and consequently, many potential applications.
However, fabricated by microscale or nanoscale technologies, spin transfer torque (STT) oscillator could shrink down to micrometer or sub-micrometer size [6] [7] [8] .
Moreover, synthetic antiferromagnets (SAFs), consisting of two or more antiferromagnetic coupled ferromagnets separated by metallic spacers or tunnel barriers [9] , are attracting increasing attention in STT spintronics [10] [11] [12] [13] [14] [15] [16] [17] , because, comparing with crystal antiferromagnets, they have considerably weak exchange interactions and notably larger spatial scales, leading to an easy manipulation of antiferromagnetic order [18] . Magnetization switching by spin-orbit torque is reported in MgO/CoFeB/Ta/CoFeB/MgO structure with two CoFeB layers in antiferromagnetic coupling through the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction, which may help reducing power consumption in magnetic memories with low stray field [16] . Compared with single-layer free magnetic layer, STT oscillation in SAF has higher output power and narrower linewidth [15] .
Although acting as effective magnetic field, RKKY interaction may boost magnetization oscillation frequency greatly into THz range [5, 19, 20] , no results on THz oscillation frequency has been reported to date in STT oscillator based on SAF, neither experimentally nor theoretically. In this paper, the Bloch-BloembergenSlonczewski (BBS) equation is adopted in spin-valve-based STT oscillator with SAF acting as the free magnetic layer, and THz oscillation frequency is achieved with reasonable parameters under no applied magnetic field. Simulation shows that, in order to achieve SAF STT oscillator with top frequency up to THz region,
antiferromagnetic coupling between SAF layers should be sufficiently strong, and moreover, large (small) thickness of top (bottom) layer of SAF favors broad current density window of stable oscillation.
Theoretical Model
Typically, coupled macro-spin Landau-Lifshitz-Gilbert (LLG) equations, where the magnitude of magnetization keeps unchanged, are adopted to study magnetization dynamics of two magnetic layer of SAF [21, 22] . However, short-wavelength magnon excitation, diminishing magnetization [23, 24] , plays an important role in magnetic relaxation, especially in thin film structures [25] [26] [27] [28] . Moreover, all types of magnons, with wavelengths short and long, are the concern of magnon spintronics [29] [30] [31] .
Consequently, macro-spin theoretical method based on LLG equation cannot deal with short-wavelength magnon excitation. On the contrary, the Bloch-Bloembergen equation [32] [33] [34] , ,
with two magnetization relaxation parameters, longitudinal relaxation time T 1 , and transverse relaxation time T 2 , rather than one Gilbert damping constant, is more flexible, and short-wavelength magnon excitation is included in T 2 . For more information about the contribution of short-wavelength magnon excitation to magnetic relaxation, please refer to Ref. [35] . Bloch-Bloembergen-Slonczewski (BBS) equation has been established to study magnetic precession in regular STT oscillator with a single magnetic layer acting as the free magnetic layer [35] , which demonstrated that T 2 > T 1 is crucial for stable STT oscillation.
In this study, we apply two coupled BBS equations to a spin valve structure with SAF acting as the free magnetic layer. The BBS equation reads as
where τ STT is the Slonczewski torque [36, 37] . The spin valve with F0/N0/F1/N1/F2 structure is shown in Fig. 1 
Simulation and Discussion
The following simulations and discussions are based on Fig. 1 and Eq. (2), and the parameters used in the simulations are listed in Table 1 unless otherwise specified.
Parameters related to SAF are based on Co/Ru/Co [14] . significant digits protocol for current density is kept in the following discussions). It seems quite odd that the amplitudes of these two oscillations decrease with the increasing of current density. This is caused by the fact that the density of short-wavelength magnons increases with the increase in current density, and short-wavelength magnons diminish the magnitude of magnetization [23, 24] , as seen , and on the contrary, the longitudinal part, oscillating with twice the frequency of the transverse part, are in the same phase as seen in Fig. 3(c) . θ, the angle between M1 and M2, is shown in Fig. 3(d Table 1 is replaced by J ex = -0.7 J/m 2 and (d) the thickness of F2 layer in Table 1 is replaced by d 2 = 4 nm. spherical boundary surface, different from the conclusion of macro-spin LLG model [36] . This is caused by the short-wavelength magnon excitation, which could also be observed in Fig. 2(c) . When j=1.36×10 11 A/m 2 , magnetization trajectory is confined in a small space, and this short-wavelength magnon excitation-induced oscillation weakness should be well realized in STT oscillator application, because the output power of the oscillator is related to oscillation amplitude [38] .
Secondly, oscillation amplitude of F2, whose oscillation details are shown in Fig.   4 (b), is significantly smaller than that of F1. In addition, this phenomenon is revealed in Fig. 2 Since the magnetization oscillation amplitude of F1 is notably stronger than that of F2, in the following discussion, we will focus on the magnetization dynamics of F1.
The oscillation frequency dependence on current density is shown in Fig. 5(a) .
Different from regular spin-valve based oscillator [35] , the oscillation frequency of F1 in spin-valve-based SAF oscillator increases with the increase in current density in a distinct nonlinear manner, described as follow. In the relatively broad and weak current density region, the frequency increasing is mild, while in the other relatively narrow and strong current density region, the frequency increasing is acute, and the stronger the current density is, the more acute the frequency increase becomes. The frequency surpasses 1 THz (the frequency of M z and M can surpass 2 THz) when J ex = −5×10 3 J/m 2 and j = 1.36×10 11 A/m 2 . This is because, acting as effective magnetic field, RKKY exchange interaction between F1 and F2 could boost the magnetization oscillation frequency to a large extent [19] . Moreover, the increase in the exchange interaction between F1 and F2, which could be realized by adjusting the thickness of normal metal layer N1 between F1 and F2 [9, 39] , leads to a higher oscillation frequency and wider frequency window.
Another interesting scenario occurs when the exchange interaction is too weak, as seen in Fig. 5(b) . The oscillation frequency decreases with the increasing of current density, similar to the situation of regular spin-valve based oscillator [35] , although the former has a slightly higher frequency owing to the additional exchange field in SAF. Similar change of blue shift to red shift of oscillation frequency dependence on current density due to applied field is reported in the studies based on LLG equation [22, 40] . From Fig. 5 , it can be observed that it is important to have strong RKKY exchange interaction between F1 and F2 to achieve a working THz SAF STT oscillator. It should be pointed out that RKKY exchange coupling is sensitive to the thickness of the normal metal layer in SAF, and whose fluctuation in space may compromise the performance of THz SAF STT oscillator [41] , which may be one of the reasons why the THz SAF oscillator is difficult to achieve experimentally.
Although a high current density leads to a high frequency, even to THz zone, when J ex is sufficiently large, the oscillation amplitude is weakened sharply when the current density approaches the maximum value for the excitation of short-wavelength magnons, as seen in Fig. 2(a) and Fig. 4(a) . This phenomenon leads to a sharp decrease of output power while approaching the maximum oscillation frequency and it seems inevitable: as seen in Fig. 4(c) , we could increase the oscillation amplitude of the maximum current density (j = 1. [14] , which may partially explain why the large d 1 scenario is similar to the weak exchange interaction scenario.
Consequently, Fig. 6 indicates that, in order to achieve better SAF oscillators, the thickness of F2 should be sufficiently large to broaden the current density window, and with the consideration of current density window and magnetic anisotropy, the thickness of F1 should be sufficiently small to increase f max and also to broaden the frequency window. It should be pointed out that some error in f max may occur due to our significant digits protocol and the sharp increase in frequency when the current density approaching maximum value, as seen in Fig. 5(a) . We ran the simulations under a higher standard of significant digits protocol when d 1 > 3.75 nm, but no significant difference has been found. Even if high frequency was achievable when d 1 > 3.75 nm, the tuning of high frequency by current is very inconvenient, and may even be impossible, because a sharp increase in frequency occurs in a very narrow range of current density.
Similar to the scenario of the regular-spin-valve-based STT oscillator, the short-wavelength magnon excitation, contributing to transverse relaxation time T 2 , has crucial influences on magnetization oscillation. Fig. 7 (a) depicts the influence of T 2 on the maximum and minimum current densities required for stable magnetization oscillation. In this case, the current density window broadens dramatically, which favors the manipulation of SAF STT oscillator, with the increase in T 2 , and it shrinks to zero if T 2 < 0.52 ns, which means that, under this circumstance, stable magnetization oscillation cannot be reached. Finally, we should point out that no significant difference happens to F1 when F2 is pinned along the -z direction. The frequency dependence on the current density in stable oscillation of F1 in this circumstance is shown in Fig. 7(b) , which also clearly shows a nonlinear behavior. The evolution of magnetization with different current densities are depicted in the inset of Fig. 7 (b), which shows a behavior similar to that demonstrated in Fig. 2(a) .
Conclusion
In summary, considering the short-wavelength magnon excitation, we simulate magnetization oscillation in spin-valve based spin-transfer torque oscillator with a synthetic antiferromagnet acting as the free magnetic layer by coupled macro-spin Bloch-Bloembergen-Slonczewski equations. Magnetization oscillation frequency increases with the increasing of current density in a nonlinear manner to terahertz region when an antiferromagnetic coupling between the two synthetic antiferromagnet layers is relatively strong, which, however, decreases with the increase in the current density in a nearly linear manner when the coupling is too weak. The thickness of F2 (F1) should be sufficiently large (small) to achieve a better oscillator performance.
Comparing with the longitudinal relaxation time, the transverse relaxation time of free magnetic layers should be sufficiently larger in order to achieve broad current density window of stable oscillation. The thickness fluctuation of normal metal layer in synthetic antiferromagnet, the sharp decrease in output power while approaching the terahertz frequency range, and the lack of consideration of short-wavelength magnon excitation may be among the reasons behind the absence of experimental observation and macro-spin LLG theoretical prediction of terahertz oscillation frequency.
Spin-transfer torque oscillator based on synthetic antiferromagnet may shrink the terahertz oscillator and broaden its applications.
